A novel numerical configuration has been devised in order to investigate active control of separated airfoil flows in a comprehensive and systematic manner. The configuration consists of a flat plate at zero degrees angle-of-attack in a freestream on which a separation bubble of prescribed size is created at a prescribed location through blowing and suction on the top boundary of the computational domain. Numerical simulations of this configuration show that these canonical separated airfoil flows exhibit three distinct characteristic time scales corresponding to the shear layer, the separation zone and the wake vortex shedding. The vortex dynamics associated with these distinct phenomena are described. Preliminary simulations of this flow subjected to zero-net-mass-flux perturbation are also presented.
I. Introduction
ERO-net-mass-flux (ZNMF) devices (e.g., synthetic jets) have emerged as versatile actuators with potential applications ranging from thrust vectoring of jets (Smith and Glezer 2002) to turbulence in boundary layers Breuer 1997, 2003; Lee and Goldstein 2001) and active control of separation (Wygnanski 1997; Smith et al. 1998; Amitay et al. 1999; Crook et al. 1999) . Separation control, especially in the context of wing stall delay and control, has generated considerable interest in the active flow control community. The versatility of these actuators is primarily due to the following three factors:
1. They provide unsteady forcing that is more effective than steady forcing. 2. Since the jets are synthesized from the working fluid, complex fluid circuits are not required. 3. Actuation frequency can usually be tuned to a particular flow configuration. Research on these actuators has primarily been directed towards understanding the associated flow physics with the objective of identifying "optimal" forcing schemes and below we summarize our view of the outstanding issues in this area.
A. Flow Physics of ZNMF-Based Separation Control
The key control parameters in a ZNMF device are the jet frequency f and jet velocity J V . The former is usually non-dimensionalized as / n F f f + = where n f is some natural frequency in the uncontrolled flow. The latter is nondimensionalized byU ∞ . Note that J V is some characteristic measure of the jet velocity, such as the peak or an
Proposition 1: The dynamics of a separated flow over an airfoil are dominated by the characteristic frequency of the separation region, sep f .
Critique: Contrary to Proposition 1, in addition to sep f , there are other naturally occurring frequencies that can play an important role in the dynamics of the flow. To examine this further, it is useful to classify the types of separation encountered for typical airfoils, and the subsequent discussion is drawn from classical work on stall classification by McCullogh and Gault (1951) , Chang (1976) , and more recent work on temporal dynamics of stalled airfoil flows by Zaman et al. (1989) , Broeren and Bragg (1998) , Bragg et al. (1993 Bragg et al. ( , 1996 , and Wu et al. (1998) . Based on these previous studies, one can consider the following three situations with regards to separation control as shown in figure 1. Case A represents attached flow at low angle-of-attack (AOA) where the boundary layer on the suction side develops under an adverse pressure gradient but does not separate. Such a flow has one dominant time-scale characterized by the inverse of the wake shedding frequency wake f which, according to Roshko (1954) scales as~/ wake wake f U W ∞ . In direct contrast to Case A is the situation at high AOA, namely the post-stall Case C where separation occurs near the leading-edge and the flow does not reattach (in the mean) to the airfoil surface. This flow behaves like that past a bluff body and is consequently subject to two frequency scales, SL f and wake f , where the former is the natural vortex rollup frequency of the shear layer and the latter is again the frequency corresponding to vortex shedding in the wake. The question may be asked as to whether such a local, convective instability mechanism is important given the global, absolute instability of the wake. The answer is a most definite "yes" as shown in a number of experimental investigations of bluff-body wakes (Kourta et al. 1987; Williamson et al. 1995; Wu et al. 1996; Prasad and Williamson 1996) . An extensive survey of the literature in this area reveals that only Wu et al. (1998) have considered both SL f and wake f in their analysis. In contrast, other studies of post-stall separation control account for wake f but do not consider SL f (He et al. 2001; Miranda et al. 2001; Chen and Beeler 2002) . Finally, a majority of studies that have examined massively separated flow past airfoils/flaps (for example Siefert et al. 1993 , Wygnanski 1997 consider only a single frequency corresponding to the separation region, sep f , which is not necessarily the same as either wake f or SL f . Finally Case B corresponds to the situation where separation occurs at some location downstream of the leading edge, and the separated shear layer may or may not reattach before the trailing edge. For instance, on some thin airfoils (like the NACA 0012), stall is manifested through the appearance of a small separation bubble near the leading edge (Chang 1976) . On the other hand, open separation zones near the trailing-edge can be found on thicker airfoils (Chang 1976, Greenblatt and and on the exposed portion of low pressure turbine (LPT) blades (Mittal et al. 2001; Postl et al. 2004) . If the flow reattaches before the trailing edge, there are potentially three frequency-scales: wake f , SL f , and sep f , the frequency scale corresponding to the separation "bubble." The resonant interaction between these processes is a strong function of the distance between the separation location and the trailing edge, TE X . It also depends on whether the separation bubble extends to the trailing edge or closes far upstream of it. In fact, when the separation bubble is "open" (i.e., reattachment does not occur), the flow is similar to Case C except that the separation point is not fixed at the leading edge. Mittal et al. (2001) examined the scaling of the frequencies for a PAK-B, LPT blade via large-eddy simulations (figure 2) and indeed found that the wake plays a role in determining the dynamics of suction-side separation.
In summary, sep f is only one of three potentially naturally occurring frequencies in a separated airfoil flow. It is quite possible that nonlinear interactions determine the evolution of these disturbances (Wu et al. 1998) . However, our understanding of the dynamics of these processes is quite limited.
where sep L is a characteristic length of the separation region.
Critique: For a shear layer that separates from and then reattaches to a solid surface (as in Case B above) the presence of a near-wall reversed flow region permits upstream propagation of disturbances and fundamentally alters the stability characteristics of the shear layer. In such cases, the separation region frequency indeed scales as
In fact, analysis of separated flow past a wall mounted tab (Auld and Mittal 1999) (Wu et al. 1998; Miranda et al. 2001) wake W is assumed to be equal to sin c α where c is the airfoil chord length. In cases where the separation extends over a significant portion of the airfoil (or a flap), it has been customary to assume sep L c = (Bar-Sever 1988; Seifert et al. 1993; Ravindran 1999; Darabi and Wygnanski 2002; Funk et al. 2002; Postl et al. 2004) , but this might significantly overestimate the correct length scale in cases where the wake vortex shedding dominates the dynamics.
For a shear layer that separates and does not reattach (as in Case C), the shear layer instability frequency SL f plays an important role. This frequency scales more like that of a free shear layer, i.e. ~/ SL f U θ , where U is the average velocity across the shear layer, and θ is the momentum thickness. In fact, Ho and Huerre (1984) have
attains a nearly universal value of about 0.04. In the special case where such shear layers are part of a Kármán-type vortex shedding process, as would in fact be the situation in Case C, the above scaling can be reformulated as Re et al. 1987; Williamson et al. 1995; Wu et al. 1996) where the Reynolds number accounts for the dependence of the frequency on the momentum thickness. For a circular cylinder, 0.024 A ≈ and 0.67 B ≈ (Prasad and Williamson 1996) . Proposition 3: Forcing at sep f will elicit the largest response. Therefore, control is expected to be most effective
Critique: Based on the critique of the previous two propositions, it seems clear that the situation with regard to the optimal forcing frequency is not quite so obvious. Considering the fact that even if one were to account for the various definitions of F + that have been employed, there is a wide variation in the observed values of optimal F + .
For example, among studies that have defined / F f c U + ∞ = , optimal F + values ranging from 0.55 to 5.5 have been observed (Bar-Sevar 1988; Seifert et al. 1993; Ravindran 1999; Margalit et al. 2002; Darabi and Wygnanski 2002; Funk et al. 2002) . Among studies that define /
, optimal values range from 0.5 to 2.0 Greenblatt and Wygnanski 1999; Gilarranz et al. 2001) . Finally, for studies that
, optimal values range from 0.75 to 2.0 (Seifert et al. 1996; . It may seem that the magnitude of the variation in optimal value of F + reported in these studies is not significant, except that in many cases the control authority of the ZNMF device varies considerably with small changes in F + . For instance, Seifert et al. (1993) report a 25% variation in L C as F + varies between 0.25 and 1.5, while found that the required C µ increased by about 400% as F + varies between 0.25 and 1.5.
For post-stall applications similar to Case C in figure 1, Wu et al. (1998) have argued that the optimal control frequency should be a harmonic of wake f , i.e. / wake F f f m + = = , where m is an integer greater than 1. Due to the ability of the shear layer to respond to a broad range of frequencies, a suitable choice of m can allow both the vortex shedding and shear layer to lock-on to the forcing frequency or its superharmonic. Lack of consideration of the importance of wake f and the associated resonant interactions in past studies (Siefert et al. 1993 , Wygnanski 1997 ) might explain some of the spread in optimal F + and corresponding C µ values reported in the literature.
Proposition 4:
Since the point of separation is the most receptive point for a separating shear layer, forcing is most effective when applied in the vicinity of this point.
Critique: This is a physically sound proposition provided that direct control of the vortices generated by the shear layer is the primary objective of the flow control strategy. Indeed, in most studies such a placement of the actuator has been found to be quite effective and other studies have found that placement of the ZNMF device inside the separation region does not work (He et al. 2001; Chen and Beeler 2002) . However, if the objective of the control strategy is to modify the wake vortex shedding, then placement of the actuator at the trailing edge is also a possibility as shown by Wu et al. (1998) and Miranda et al. (2001) . This also opens up the interesting possibility of deploying two actuators, one upstream of the shear layer and one at the trailing edge to simultaneously modify both flow features. This possibility remains to be investigated. (10) is most effective because high frequency forcing displaces the local streamlines of the cross flow and induces a "virtual" shape change (Honohan et al. 2000; Honohan 2003) .
Critique: In order to examine the physical basis of this mechanism, it is instructive to focus on one particular set of experiments by where ZNMF based separation control over a 24% thick unconventional airfoil with a circular leading edge has been investigated. The nominal chord Reynolds number is around 3×10 5 and the AOA is 17. , they find an almost 3× increase in lift and 3.2× increase in lift-to-drag ratio, which suggests that this type of control is superior to lower frequency actuation.
Glezer and coworkers argue that this phenomenon is based on a decoupling of the high surface modification downstream of the actuator, which displaces the streamlines and results in a localized favorable pressure gradient. This approach leads to a thinner boundary layer that is more resistant to separation. This suggests an almost quasi-steady effect of the ZNMF actuator at these high forcing frequencies, except that wake velocity power spectra show that forcing at this frequency produces a remarkably different power spectrum with a large inertial range that is completely absent in the baseline flow (Prasad and Williamson 1996) where the Reynolds number is based on the projected body dimension, Thus, although the high frequency forcing is "decoupled" from the large-scale vortex shedding in the separation region, the above analysis shows that there is a distinct possibility that it could be coupled with the smaller-scale shear layer instability.
Proposition 6: Curvature effects, previously thought to be of second-order importance compared to pressure gradient, are potentially very important in separation control applications.
Critique: Despite the fact that most practical applications of separation flow control involve geometries with curvature, relatively few studies have critically examined the role of curvature. Much of the novel work with respect to flow control has been done by Wygnanski and Fasel and their colleagues. Initial work by Neuendorf and Wygnanski (1999) investigated the effect of curvature on a steady two-dimensional wall jet versus its planar equivalent and gleaned the dominant effect of the radius of curvature in determining the length and velocity scales of the curved flow. More recently, Cullen et al. (2002) reported on a series of detailed studies on the effects of wall curvature and pressure-gradient on a curved wall versus a flat surface and concluded that surface curvature, previously assumed to be a second order effect, can be quite important in a boundary layer near separation. Wygnanski (2002, 2003) have examined the effects of leading-edge curvature on NACA 0012 and NACA 0015 on airfoil separation control effectiveness. They found that the combination of larger leading edge curvature and excitation downstream of the separation bubble rendered the NACA 0012 flow less receptive to excitation than the NACA 0015 under similar conditions. Their results emphasized that the effectiveness of the control was highly dependent on flow curvature, actuator placement, forcing amplitude C µ and F + . Indeed, the mechanism of NACA 0012 separation control was identified as flow attachment downstream of a leading-edge separation bubble without eliminating the bubble itself. This is similar to Case B in figure 1 discussed above. Their work shows both the potential importance of curvature but also reveals the practical difficulty of isolating curvature effects in an experiment. This is because the pertinent non-dimensional parameters include the ratio of momentum thickness to curvature, R θ , and the Clauser parameter * e w dp dx δ β τ = . Unfortunately, the two parameters are coupled by virtue of the shape factor * H δ θ = . In particular, while two flows may have the same dimensional pressure gradient e dp dx , they may in fact have different β . In practice, therefore, it is extremely difficult to isolate curvature effects.
Proposition 7:
Amplitude modulation is superior to sinusoidal excitation.
Critique: Yet another curious issue is the effect of the form of the excitation signal. 
B. A Canonical Separated Flow Configuration
The previous section described some of the key outstanding technical issues in the area of active separation control (ASC) using ZNMF actuation. Past approaches to studying these issues have mostly employed conventional airfoil geometries where the flow separation is produced by varying angle-of-attack and/or freestream velocity. Although this approach is obviously grounded in practical reality, it is not the best one for a precise investigation and delineation of the various physical mechanisms that are potentially implicated in ASC. For instance, consider Case B in figure 1 . As discussed previously, this is a complex flow with potentially three different naturally occurring frequencies. In order to examine the scaling of these frequencies as well as their potential nonlinear interactions, it would be extremely useful to separately prescribe the extent and location of the separation bubble as well as the Reynolds number. This is not possible through just variation of AOA and freestream velocity for an airfoil. Thus, a configuration is needed that (1) is simple and includes all the important features of a canonical separated airfoil flow, including leading edge boundary layer inception, suction side separation (open as well as closed separation), and a wake, which includes vortices from the suction and pressure sides; (2) allows independent prescription of the location and extent of the separation region as well as the Reynolds number. It should be pointed out that some past studies have induced separation on a flat wall via modification of the upper boundary (Na and Moin 1998; Sohn et al. 1998; Postl and Fasel 2004) . This methodology does allow for control over the location and extent of the separation bubble but does allow for LE and TE effects. This configuration also do not account for the pressure side boundary layer. We therefore propose a novel configuration that satisfies all of the above requirements and is amenable to both simulation and experimentation. The current paper focuses on the numerical simulation and the experimental component will be described in a future paper.
The configuration to be studied involves a thin flatplate (chord length c and thickness t) with elliptic leading and trailing edges as shown in figure 3 . Separation is induced on the upper surface of this plate by applying blowing/suction on the upper boundary of the computational domain as shown in the schematic. The technique of Na and Moin (1998) is adopted wherein the following boundary condition is prescribed on the upper wall:
; 0
where ( ) G x is the prescribed blowing and suction velocity profile, and the boundary condition on x u ensures that no spanwise vorticity ( ) z ω is produced due to the blowing and suction. The key aspect of this approach is that the function ( ) G x allows us to prescribe the streamwise size of the separation region ( sep L ) as well as its location. Thus, separation can be produced anywhere on the plate surface and can therefore reproduce any of the three separated flow situations discussed in the previous section. The above configuration can be employed to examine the nonlinear interactions between the shear layer, separation region, and airfoil wake in uncontrolled and ZNMF-based controlled versions of these flows. Note that the confounding effect of curvature is absent here, something that is not usually possible with conventional airfoil investigations. In the rest of the paper, we describe a set of simulations that examine both the uncontrolled and controlled flow in this configuration.
II. Simulation Results

A. Numerical Approach
A finite-difference based approach for computing flows with moving immersed solid three-dimensional boundaries on fixed Cartesian grid has been developed. The key feature of this method is that simulations with complex 7 boundaries can be carried out on stationary non-body conformal Cartesian grids and this eliminates the need for complicated remeshing algorithms that are usually employed with conventional Lagrangian body-conformal methods.
The governing equations are the incompressible Navier-Stokes equations which are discretized using a cellcentered, collocated (non-staggered) arrangement of the primitive variables. The equations are integrated in time using the fractional step method. In the first step, the momentum equations without the pressure gradient terms are first advanced in time. In the second step, the pressure field is computed by solving a Poisson equation. A secondorder Adams-Bashforth scheme is employed for the convective terms while the diffusion terms are discretized using an implicit Crank-Nicolson scheme, which eliminates the viscous stability constraint. The solution of pressure Poisson equation (PPE) is the most time consuming part of the solution algorithm. In the current solver an efficient multigrid methodology has been developed which is well suited for use in conjunction with the immersed boundary method. The solver is described in Bozkurttas et al. (2005) .
B. Uncontrolled Flow
Two-dimensional simulations of this configuration using a 2% thick elliptic airfoil at a chord Reynolds number of 60,000 have been carried out. All simulations reported here have been carried out on a single 2.4 GHz, Pentium ® 4 processor-based workstation. Figure 4 shows the baseline unseparated flow for this case and the contour plot of spanwise vorticity shows the presence of Kármán vortex shedding in the wake. Figure 5 shows the temporal variation of cross-stream velocity component at x/c = 0.25 (top), 0.5 (middle) and 1.25 (bottom) and it can be seen that even far upstream of the trailing edge, the global signature of the wake vortex shedding is present. The frequency of vortex shedding, when normalized with the momentum thickness of the wake and the freestream velocity, / wake wake f U θ ∞ gives a value of roughly 0.14 which is consistent with the scaling of Roshko (1954). − . Figure 7 shows a sequence of spanwise vorticity contour plots that show a flow rich in distinct vortical interactions. First, the boundary layer is seen to separate at the location where the suction becomes active ( / 0.25 x c = ) and this separated shear layer immediately starts rolling up into small scale Kelvin-Helmholtz type vortices. Some of these vortices are seen to merge and form larger vortices and this leads to the formation of larger vortices in the separation region. At periodic intervals, one of these large vortices is released from the separation bubble and it travels downstream where it intermittently disrupts the Kármán vortex shedding in the wake. Thus, this one example clearly shows all of the features that we have claimed will be present in a canonical separated flow. Examination of temporal variation of flow variable allows us to extract the three distinct frequencies. f L U ∞ can be significantly different from unity depending on the flow configuration. The flow is clearly more chaotic (see figure 10 ) than the previous case and this is likely due to the interaction between the separation region and wake instabilities. Interestingly however, shear layer frequency SL f is about sep f 6 which is similar to the previous case and the vortex shedding frequency wake f is about 19 sep f which matches the previous case also. Therefore, there is some indication that the shear layer and wake seem to "lock-on" to the separation region frequency which itself seems to be modified by virtue of being near the wake. This again provides some validation to non-linear coupling that we have hypothesized is important in such flows.
C. Flow Control
Preliminary simulations of the mid-chord separation case subjected to ZNMF perturbations have been carried out. The effect of the ZNMF device is modeled by prescribing a localized oscillatory normal velocity just upstream of the separation point (location indicated by black line in figure 11 on the following page) on the top surface of the airfoil. Two different perturbation frequencies have been applied. The first one is a low frequency corresponding to / 2 Z f c U ∞ = and the second one is a higher frequency which corresponds to / 20 Z f c U ∞ = . The velocity perturbation provided has a low amplitude of 0.1U ∞ . Note that the first frequency is close to the natural separation frequency sep f for this case whereas the second frequency is about twice the shear layer frequency for the uncontrolled case. The figure below shows the response of the separation zone to these two frequencies at one time instance. The low frequency forcing case shows a dramatic response wherein the separated shear layer essentially reattaches to the airfoil over a significant extent. On the other hand, the high frequency perturbation has a less noticeable effect on the separation process as is evident from the plot below. This is likely due to the fact that the perturbation frequency does not couple with either the separation or the shear layer frequency. Further simulations are being carried out currently to examine the response of this flow to a wide range of frequencies and these will be reported in the future. 
